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Summary. The nature of subsidence near the ridge crest of the intermediate 
and fast spreading mid-ocean ridges of the Indian and Pacific Oceans is 
investigated using surface-ship bathymetry and magnetics profiles. The ridge 
can be divided into discrete sections, apparently bounded by distinct 
structural features such as major fracture zones, in which ba'thymetry plotted 
against crustal age forms a well-defined envelope with a width roughly the 
amplitude of the local bathymetry. The averaged bathymetry in all of the 
regions studied follows closely a square root of age subsidence curve which in 
most regions has a subsidence coefficient, C1, in the range of 340-390 
m Myr-'l2. The best fitting subsidence curve, however, never reproduces the 
amplitude of the axial topographic high. 
The most notable region displaying unusual behaviour is the East Pacific 
Rise between 9"s and 22"s. In this region, the western flank of the ridge is 
subsiding at  200-225 m Myr-'/' while the eastern flank is subsiding at  
'normal' rates of 350-400 m Myr-'/2. Other anomalous areas include the 
region between the Easter Island hot spot and the Chile Rise triple junction 
in which the ridge crest is shallow and which is subsiding at  rates of about 
290 m Myr-'/', and the region east of the Australia-Antarctic Discordance 
in which the northern flank is subsiding at 440 m MyrF'I'. This area may also 
be subsiding asymmetrically although there is not much data from the 
southern flank. 
The asymmetric subsidence h the 9OS-22"S region of the East Pacific 
Rise begins immediately at the ridge crest and the low subsidence rates on the 
west flank continue to  at least 12 Myr old crust. Oligocene-aged crust on the 
western flank is subsiding at more normal rates, but is 500 m shallow with 
respect both to the world-wide average and to  the conjugate crust on the 
eastern flank. The simplest model t o  explain these observations is that the 
western flank is underlain by a hotter mantle, perhaps as the result of up- 
welling resulting from the large-scale return circulation from the trenches. 
Depending on the depth of compensation, the observed asymmetry could 
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result from a lateral temperature gradient of 0.05-0.10”C km-’ and a total 
lateral temperature variation of under 100°C. 
Key words: mid-ocean ridges, depth anomalies, subsidence rates, mantle 
heterogeneity, Pacific Ocean 
1 Introduction 
One of the major corollaries of plate tectonics is that the depth of the ocean floor is 
primarily controlled by the cooling and contraction of the lithosphere as it is transported 
away from the mid-ocean ridge and that depths should, therefore, increase monotonically 
with age (Langseth, LePichon & Ewing 1966, McKenzie 1967). This was demonstrated by 
Sclater & Francheteau (1970) and Sclater, Anderson & Bell (1971) who obtained an 
empirical relationship between ocean depth and age. The general characteristics of the 
observed age-depth relationship are explained by a simple thermal model for the evolution 
of the ocean floor. As the new crust moves away from the ridge crest, it cools by conduction 
and becomes incorporated in a cold thermal boundary layer or lithosphere. Continued 
cooling results in thermal contraction and a thickening boundary layer. If no additional heat 
is supplied to the lithosphere, then the depth of the seafloor should be proportional to the 
square root of its age (Parker & Oldenburg 1973; Davis & Lister 1974). This is the relation- 
ship predicted by the ‘half-space’ or ‘thermal boundary layer’ model and is the relationship 
which is observed for seafloor less than about 70 Myr old. 
Parsons & Sclater (1977) demonstrated that the depths of seafloor older than about 70 
Myr are systematically shallower than predicted by the square root of age relationship, 
asymptotically approaching a maximum depth of around 6400 m. The flattening of the 
subsidence curve for old oceans has been explained by the input of additional heat to the 
base of the lithosphere, perhaps through some type of small-scale convection (Richter & 
Parsons 1975; Parsons & McKenzie 1978) or by passing through the vicinity of hot spots 
(Heestand & Crough 1981). Thus, the plates approach a maximum thickness which is 
determined by a balance between heat added to the base and heat lost through the upper 
surface. 
The subsidence during the first 70 Myr can be determined by considering an isothermal 
half-space, with a temperature Tm, on which a boundary condition of T =  To is imposed. 
For time, t > 0, the temperature is given by 
T(z, t )=To+(Tm - T o ) e r f - -  
2fi’ 
where z is depth within the lithosphere and K is the thermal diffusivity. 
equilibrium and is given by 




where pm and pw are the densities of mantle and water respectively, a is the coefficient of 
thermal expansion and D is the depth to which density differences occur. The integral of 
the error function is well known and thus equation ( 2 )  can be solved to  give 
2 ~ m  NTm - TO) 
S =  (3) 
Pm -Pw 
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the seafloor depth is thus given by 
d = d , +  2Prn 4Trn - T O )  (:j2 
Prn -Pw 
or using Parsons and Sclater's notation 
where d ,  is the depth to the ridge crest and 
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since To, the temperature at the seabottom, can be taken to be 0°C. 
Equation (5) shows that the subsidence rate of the seafloor depends on the astheno- 
spheric temperature, Trn , and on the thermal parameters, K and a.  Parsons & Sclater (1977) 
used mean subsidence curves from the North Pacific and from the North Atlantic t o  estimate 
values for lithospheric thermal parameters. Their results for the two oceans are nearly 
identical, giving values of To of 1333°C and 1365°C and subsidence parameters, C1 
(equation 5), of 350 m Myr-'12 and 359 m Myr-'/2 for the North Pacific and North Atlantic 
respectively. 
Table 1. Values of lithospheric parameters. 
Parameter Symbol Value 
Asthenospheric temperature L 1350 ' C  
C o e f f i c i e n t  of thermal expansion a 3.2 I O - ~ ~ C - ~  
Thermal d i f f u s i v i t y  K 8 .n x cm2 s-' 
Mantle d e n s i t y  ( a t  OOC) P m  3.33  g cm-3 
Water d e n s i t y  ( a t  0OC) P n  1.03 g ~ r n - ~  
Average g r a v i t y  g 980.  cm s-' 
The linear relationship observed between depth and the square root of age for young sea- 
floor (Davis & Lister 1974; Trehu 1975) and the fact that mean depth-age relationships for 
various oceans are quite similar (Parsons & Sclater 1977) imply a basic uniformity in the 
thermal processes occurring at mid-ocean ridges. However, the uniform depth-age relation- 
ships observed by Parsons & Sclater (1977) are for mean values averaged over wide areas. 
Significant variations at smaller scales have been observed both in depth-age relationshps 
(Trehu 1975) and other properties (LeDouaran & Francheteau 1981; Langmuir & Bender 
1984) which appear to indicate that local mantle properties are actually far from uniform. 
The purpose of this study is to systematically investigate the depth-age relationship 
along the mid-ocean ridge in order both to establish the normal pattern in the immediate 
vicinity of the ridge crest and to examine variations from this norm. The subsidence will be 
characterized by the value of C1 determined for profiles crossing a section of ridge crest. Use 
of this parameter implies that the primary process controlling subsidence away from the 
ridge is cooling of the lithosphere, which has been demonstrated to be true for the oceans as 
a whole (Sclater & Francheteau 1970; Sclater et ~ l .  1971; Parsons & Sclater 1977). 
Variations on the local scale examined here can be interpreted either as variations in the 
parameters making up C1 or as perturbations from the simple cooling model due to the 
influence of some other physical process. 
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2 Data 
This study will concentrate on areas within 300-500 km of the ridge crest in order to avoid, 
as much as possible, overprinting of the basic subsidence pattern by ridge flank volcanism or 
hot spot swells (Heestand & Crough 1981). In addition, subsidence rates are most rapid near 
the ridge crest and thus variations in mantle parameters are most easily detected there. 
The section of the mid-ocean ridge system which will be considered in this study extends 
from the Galapagos triple junction near the Equator on the East Pacific Rise to about 90"E 
on the Southeast Indian Ridge. This region represents a range of total spreading rates from 
7 to 17 cm yr-'. The slow-spreading ridges of the Atlantic and Indian Oceans were excluded 
since the presence of an axial rift valley, rift mountains and generally very rough bathymetry 
make determination of an accurate subsidence curve in the vicinity of the ridge crest 
extremely difficult. It was also necessary to exclude the section of the East Pacific Rise 
north of the Galapagos Triple Junction because of the extensive Pliocene reorganization of 
the ridge crest in that region (Sclater er al. 197 1 ; Mammerickx & Klitgord 1982). 
The data can conveniently be grouped into three regions. These are the East Pacific Rise 
from the Galapagos Triple Junction to the Easter Plate (about 5"s to 25"s) (Fig. l), the 
Pacific-Antarctic Ridge from south of the Chile Triple Junction to the Eltanin Fracture 
Zone system (about 35"s to 55"s) (Fig. 6) and the Southeast Indian Ridge (about 90"E to 
140"E) (Fig. 11). The region from 25"s to 35's on the East Pacific Rise is complicated by 
the Easter Platelet and the Chile Triple Junction. The southwestern Pacific, south of the 
Eltanin fracture zone, suffers from a paucity of data, as well as tectonic complexities related 
to the Macquarie Ridge Complex and the large fracture zones south of Tasmania. 
3 Results 
3.1 E A S T  P A C I F I C  R I S E :  S o S - 2 3 ' S  
The location of the data used from the East Pacific Rise is shown in Fig. 1. This region has 
the densest coverage of the three areas including three detailed surveys at 6"S, 10's and 
17"-21"S. These surveys have been utilized by Rea for a series of studies of the ridge crest 
tectonics (see Rea 1981 for summary). 
Each profile was projected along the local spreading direction as determined using the 
Minster & Jordan (1978) best-fitting Nazca-Pacific pole at 55.64"N, 85.76"W. Profile 
azimiths vary from 101" at 5"s to 105" at 23"s. Seafloor magnetic anomalies are not well 
developed along much of the East Pacific Rise (Fig. 2) due to  the proximity of the magnetic 
equator. Therefore, the same Minster & Jordan (1978) pole with an opening rate of 1.529 
degrees Myr-' was used to convert distance from the ridge crest to crustal age. Spreading 
was assumed to be symmetric north of the Garret fracture zone at 13"s (Rea 1976). South 
of the Garret fracture zone, spreading was assumed to be asymmetric with 57 per cent of 
the new crust accreted to the Nazca Plate and 43 per cent to the Pacific Plate (Rea 1978). 
It can be seen in Fig. 2 that where the Jaramillo (0.92 Myr) and Olduvai (1.70 Myr) events 
can be recognized, the predicted ages match the magnetic model very well. 
The bathymetry data, plotted as profdes against age are shown in Fig. 3 .  The profiles 
were limited to ages less than 5 Myr in order to avoid complications from the Miocene 
rearrangement of the spreading axis which was completed about 5.7 Ma in the northern 
part of the region (Rea 1978). Each depth versus age profile was interpolated onto an even 
age spacing of 0.05 Myr and they were ensemble averaged over 1" lengths of ridge crest with 
regions of anomalous large local topography marked by brackets in Fig. 3 removed prior to 
averaging. The one-degree average profiles (Fig. 4) were used to construct ensemble averages 
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Figure 1. Location of bathymetry and magnetics profiles used from Eastern Pacific Ocean. 
over the areas between the few prominent fracture zones which form natural divisions of the 
ridge crest (Fig. 5). 
The most obvious characteristic of the stacked bathymetry profiles in Figs 4 and 5 is a 
pronounced asymmetry across the ridge crest, particularly south of the Wilkes fracture zone 
near 9"s. In order to quantitatively investigate the nature of the asymmetric subsidence, 
best fitting depth versus square root of age curves were fit by a least squares method to the 
profiles shown in Figs 4 and 5. The results are noted on the figures and are tabulated in 
Tables 2 and 3.  
The northern ridge segment, north of the 6.2" (or Yaquina) fracture zone appears to be 
subsiding in a symmetrical manner, although with a value of C1 (equation 5) significantly 
greater than Parsons & Sclater's (1977) average value of about 350 m Myr-'I2. The value of 
430 m Myr-'12 which appears to be a minimum estimate of C1 for this stretch of ridge crest 
may be real or, since all of the profiles are close to the 6.2"s fracture zone (Fig. l), the 
fracture zone may affect the subsidence pattern. 
The subsidence pattern in the short compartment between the 6.2"s and Wilkes fracture 
zones, is quite different than to  the north. The subsidence away from the ridge is much more 
gradual, particularly on the western flank where it can be fit with a value for C1 of 259 * 44 
MAGNETIC ANOMALIES. EAST PACIFIC RISE 
GOFAR FZ - 6 2'FZ WILKES F Z  - GARRET F Z  
MODEL 6.5 MOOEL W S P  
6 2*FZ - WILKES FZ 
m=* 
5 4 3 2 1 0 1 2 3 4 5  
AGE (MY) 
MAGNETIC ANOMALIES, EAST PACIFIC RISE 
HOML 20.5 
G A R R E T  FZ - E A S T E R  P L A T E  
192 P7303 
I93 K R 0 6  
194 P 7 x p  
19s m 0 2  
20"s 200P7302 
aJ P7M2 







5 4  3 2 1 0 1 2 3 4 5  
AGE (MY) 
BATHYMETRY. EAST PACIFIC RISE 
GOFAR F Z  -6,2"FZ WILKES FZ-GARRET FZ 
9"s 090P7304 / c 
% 054  K7110 1 
Y J b k  3 I 055 K7110 056 K7110 
057A2542 
6"s 060 K ~ I  10
061 YO719 I07 Y 0717 
6 2"FZ -WILKES F Z  
109YO717 . 
I 10s 11OYO717 , 
t - - -  I I I YO717 
5 4 3 2  I 0 1  2 3 4 5  
AGE (my) 
(a) w E 
5 4  3 2  I 0  I 2 3 4  5 
AGE(my) 
Figure 3. (a) Bathymetry profiles across the East Pacific Rise from 5" S to 13" S. Profiles were prepared in 
same manner as magnetics profiles in Fig. 2. Brackets under profiles indicate regions of anomalous bathy- 
metry removed before ensemble averaging. Dashes show 3000 m depth. Profile identification (Fig. 1) and 
cruise given to  left of profile. (b) Bathymetry profiles across the East Pacific Rise from 14"s to 22"s. 
Profiles were prepared in same manner as magnetics profiles in Fig. 2. Brackets under profiles indicate 
regions of anomalous bathymetry removed before ensemble averaging. Dashes show 3000 m depth. Profile 
identification (Fig. 1) and cruise given to left of profile. 
Figure 2. (a) Total intensity magnetic anomaly profiles across the East Pacific Rise from 5"s to 13"s. 
Profiles were projected along the local spreadings direction and distance from ridge crest converted to age 
using the Minster & Jordan (1978) best fitting Pacific-Nazca pole. Model profiles were generated using 
the LaBreque et al. (1977) time-scale. Profile identification (Fig. 1) and cruise given to left of profile. 
(b) Total intensity magnetic anomaly profiles across the East Pacific Rise from 14"s to 22"s. Profiles 
were projected along the local spreading direction and distance from ridge crest converted to  age using the 
Minster & Jordan (1978) best fitting Pacific-Nazca pole. Model profiles were generated using the 
LaBreque et al. (1977) time-scale. Profile identification (Fig. 1) and cruise given to left of profile. 
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Figure 3-continued 
m Myr-'I2. The best fitting value of C1 for the eastern flank to 5 Myr is 398 f 26 m Myr-'12 
in good agreement with Rea's (1976) value of 400 m Myr-'12. It would thus appear that the 
ridge is subsiding asymmetrically. However, if the east flank bathymetry is fit from the ridge 
crest to 2.4 Myr, the distance out to which there is data on the western flank, than the best 
fitting value is 276 m Myr-'12 which is not significantly different from the west flank value. 
The asymmetric subsidence becomes apparent south of the Wilkes fracture zone between 
8"s and 9"s. Immediately south of the fracture zone, the asymmetry, although evident, is 
not as pronounced as farther to the south. From about 11"s to the Easter Plate near 22"S, 
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Figure 4. Bathymetry profiles across the East Pacific Rise formed by averaging profiles within 1" latitude 
bands. Latitude to left of profile indicates northern end of band and number in parenthesis shows the 
number of profiles combined to form each profile. Best fitting value of subsidence parameter C, in 
m Myr-'ll is given over each profile. Dashes to left of each profile show 3000m depth. 
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Figure 5. Regional bathymetric profiles formed by stacking 1" averaged profiles shown in Fig. 4. Best 
fitting value of subsidence parameter C ,  in m Myr-'12, is given over each profile. Dashes t o  left of each 
profde show 3000 m depth. 
a similar pattern is observed on all of the one-degree stacked bathymetric profiles (Fig. 4); 
the western flank of the ridge is subsiding with a value of C1 of about 200-225 m Myr-'12 
while the eastern flank is subsiding at rates of the order of 3 5 0 4 0 0  m Myr-'12. The 95 per 
cent confidence intervals are in the range of 2 2 4 7  m Myr-'12 for the western flank and 
14-28 m Myr-'12 for the eastern flank. Thus, the difference between the two flanks is large 
and significant. The western end of the 5 Myr bathymetry profiles for this region are about 
300 m shallower than the eastern end. 
Table 2. East Pacific Rise; 1" averaged bathymetry subsidence rates 
Number 95 per cent Ridge crest depth (m) 
Bond Profiles West East ( m  West East Actual 
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Table 3. East Pacific Rise: regional bathymetry subsidence rates. 
Region 
95 per cent Ridge crest depth ( m )  
(Predicted) c, (m MY-"^) confidence interval 









Easter Plate  
461 408 A7 63 27x0 27x5 2733 
277 452 94 6 4  2x73 2763 2672 
0-2.5 My 
Carfar F.Z- 
6.2'5 F.Z 470* 432 53  36 2766 2776 2733 
6.2"s F.Z- 
Wilkes F.Z 259+ 2x2 44 37 2926 2922 2730 
Wilkes F.Z- 
Garret F.Z 256 399 32 24 2x43 2796 2672 
Garret, F.Z- 
Easter Plate  200 365 33  21 2952 2x52 2712 
0-5 My 
Gofar F.Z- 
6.2's F.Z -_ 4 30 -- 26 -_ 2780 2133 
6.2's F.Z- 
Wilkes F.2 -- 39x -- 26 -- 2x19 2730 
Wilkes F.2- 
Carret F.Z 224 387 20 1 3  2x78 2x03 2672 
Garret F.Z- 
Raster Plate  l9R 356 2n in 2927 2859 2712 
* ( 2 . 1 5  My) 
? (2.40 My) 
The asymmetric subsidence is evident on bathymetric maps (e.g. GEBCO 1975) and has 
been noted by Rea (1978) who explained it by 'postulating an asymmetric supply of heat 
beneath the west flank of the East Pacific Rise which retards the cooling and subsidence at 
the lithosphere' (Rea 1978, p. 841). Following an idea proposed by Hayes (1976), Rea also 
suggested that the postulated off-ridge heat source was responsible for the asymmetric 
spreading rates observed along this stretch of ridge by causing asymmetric cooling of dikes 
emplaced at the ridge axis, with the result that the ridge crest in effect attempts to move 
toward the heat source. Some support for this hypothesis is offered by the observation that 
the correlation coefficients of the best fitting depth-square root of age relationships are 
systematically somewhat )ewer and the 95  per cent confidence intervals higher on the 
western flank than the eastern flank of the ridge (Tables 2 and 3) suggesting the possibility 
that the subsidence of the western flank has been perturbed. However, a serious problem 
with the presence of a discrete off-ridge heat source is that the crust does not start to subside 
symmetrically with a later perturbation on the western flank. The asymmetric subsidence 
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begins within the first million years (Table 3) and the values of C, determined from the 
ridge crest to 1 Myr are virtually identical t o  those determined to  the 5 Myr isochron. 
3.2 P A C I F I C - A N T A R C T I C  R I D G E :  3 3 O S - 5 S o S  
The location of the profdes used from the Pacific-Antarctic Ridge are shown in Fig. 6. The 
coverage is not nearly as dense as for the East Pacific Rise, but there is a fairly uniform 
distribution of tracks spaced one to two degrees apart and cluster of closely spaced tracks 
near 51"s south of the Menard fracture zone. Seafloor-spreading magnetic anomalies are 
very well developed in this region and were used to convert depth versus distance profiles 
into depth versus age profiles by determining a spreading rate which best fit each magnetics 
profile to a model generated using the LaBreque, Kent & Cande (1977) reversal time-scale by 
fitting a regression line to distinctive times in the anomaly sequence. Regions of disturbed 
bathymetry or magnetics and obvious fracture zones were excluded, and in some cases, such 
as profiles 490 and 500, a profie was broken into two parts which were treated separately 
when that produced a better fit to the observed magnetics. The Minster & Jordan (1978) 







F i e r e  6.  Location of bathymetry and magnetics profiles used from South-eastern Pacific Ocean. 
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Figure 7. Total intensity magnetic anomaly profiles across the Pacific-Antarctic Ridge from 38"s to 
55"s. Distance from ridge crest was converted to age by fitting regression curves to prominent features in 
magnetics anomaly profile. Model profile generated using LaBrecque ef aZ. (1977) timescale. Cruise and 
profile identification (Fig. 6) given to  left of profile. Pacific plate to  left, Antarctic plate to right. 
The magnetics and bathymetric profiles, plotted against age, are shown in Figs 7 and 8. 
The stacked magnetics profiles generally agree well with each other and the model. One 
noticeable pattern in the magnetics profiles shown in Fig. 7 is that, on a number of profiles, 
the Jaramillo event on the eastern flank plots at a slightly older age than its actual date of 
0.92 Myr. This implies that the spreading rate for the past million years may be slightly 
higher than the spreading rate used, which was determined by fitting a sequence of 
anomalies. A spreading rate was also obtained using just the distance from the ridge crest to 
the Jaramillo events also shown in Fig. 9. 
There is a noticeable asymmetry in spreading rates for each of profiles 400 through 440. 
These profiles are in the region between Fracture Zones I and 111 of Molnar et al. (1975) 
where ridge crest jumps at 3-8 Ma eliminated the offset on two fracture zones. South of 
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Figure 8. Hathymetry profiles across the Pacific-Antarctic Ridge from 38"s t o  5 5 " s  plotted against 
crustal age. Best fitting value of subsidence parameter C, in m Myr-l/' given over profile segments. Dashes 
to left of profile show 3000 m depth. Cruise and profile identification (Fig. 6 )  given to left of each 
profile. Pacific plate t o  left, Antarctic plate to right. 
the Menard fracture zone, there is no systematic difference between spreading rates 
determined from the two flanks and, within the resolution of the data, the ridge appears t o  
be spreading symmetrically. 
The profiles were interpolated into an even data spacing of 0.05 Myr and ensemble- 
averaged to form regional subsidence curves both for the entire ridge and for sections of it 
(Fig. 10). Subsidence curves assuming a square root of age relationship were fit to the 
regional profiles and t o  each of the individual profiles. The results are shown in Figs 8 and 
10 and are tabulated in Table 4. 
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Figure 9. Best fitting half-spreading rates determined from magnetic anomaly profiles across Pacific- 
Antarctic Ridge from 38" to 55"s. Predicted total spreading rates are calculated from Minster & Jordan 
(1978) best fitting Pacific-Antarctic pole. Location of profiles is given in Fig. 6 .  
The regional subsidence curve is fit best by values of 375 k 17 m Myr-'" for the west 
flank and 392 k 12 m Myrf'l' for the east flank. When the region is divided into two by the 
Menard fracture zone, there is a small difference with slightly higher subsidence rates t o  the 
north. However, these differences do  not appear significant (Table 2 ,  Fig. 10). Similarly, the 
slightly lower subsidence rate found for the western flank of each regional profile is 
probably not significant. Thus, it  can be concluded that the section of ridge under 
consideration has subsided uniformly at a rate of about 380 m Myr-'". 
The scatter on the determination of C1 on individual profiles appears to be in large part 
due to the effects of topographic roughness. When all of the profiles are plotted on top of 
each other (Fig. S), they fall within a 250 m wide envelope which is only slightly larger than 
the height of the local bathymetric relief and which does not widen away from the ridge 
crest. The scatter in the fits due to local roughness would depend both on the amount of 
local relief and the length of the profiles. Short profiles which end some distance from the 
ridge crest will be most sensitive to local relief because of their lower topographic gradient. 
This is probably part of the reason why the profile sections in Fig. 8 which do  not reach to 
the ridge crest have a wide range of determined values for C1. The value of ensemble 
averaging is that, provided there is a common signal in the data, it will reduce the local 
'noise' and better define that signal. 
3.3 S O U T H E A S T  I N D I A N  R I D G E :  9 O 0 E - l 3 7 O E  
The location of profdes from the Southeast Indian Ridge is shown in Fig. 11. The data can 
be grouped geographically into three regions and will be considered in that manner. These 
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Figure 10. Regional average bathymetry profiles across the Pacific- Antarctic Ridge. Best fitting values of 
subsidence parameter C ,  in m Myr-'/l given over profiles. Dashed by profiles indicate 3000 m depth. 
Pacific plate to  left, Antarctic plate to right. 
are 90°E-96"E between Broken Ridge and the Kerguelen Plateau, 105"E-l14"E to the 
west of the Australia-Antarctic Discordance, and 128"E-I37"E to the east of the 
Australia-Antarctic Discordance. Data from the Discordance were not considered in this 
study. The Weissel, Hayes & Heron (1977) India-Antarctica pole at 9.7'N, 36.5"E was used 
to determine the local spreading direction for all profiles. This section of ridge has the 
Table 4. Pacific-Antarctic Ridge, regional bathymetry subsidence rates. 
Number 95 per cent Ridge crest depth (m)  
Profiles West East ( m  My-'/') West East Actual 
of C ,  ( m  My-'/') confidence interval (Predicted) 
2486 2485 2399 A l l  p r o f i l e s  16 375 369 17 12 
380-490 
N o r t h  of 
Menard  F.Z. 8 382 396 2461 2456 2389 24 16 
500-513 




Menard  F.Z. a 370 387 18 16 
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Figure 11. Location of bathymetry and magnetics profiles used from Southeast Indian Ocean. 
slowest spreading rates of the regions considered (7.1-7.5 cm yr-' total rate) and is 
characterized by rougher bathymetry , frequent fracture zones and pseudofaults resulting 
from propagating rifts (Vogt, Cherkis & Morgan 1984). As a result, although magnetic 
anomalies are well developed, it is difficult to isolate undisturbed sequences of anomalies 
which give a consistent spreading rate and which can be used to assign ages to  the bathy- 
metric data points. 
Bathymetric and magnetics profdes for which crustal age could be confidently 
determined are shown in Fig. 12 plotted against age. The stacked magnetics profiles show 
very good agreement with the model magnetics profile. Weissel & Hayes (1 97 1) documented 
asymmetric spreading for crust older than 10 Myr to the east of the Discordance (their zone 
A). Our spreading rate determinations imply that seafloor spreading appears to have been 
essentially symmetric for the past 10 Myr. The best-fitting spreading rates near the ridge are 
about 3.5-3.6 cm yr-' (half rate) east of the Discordance (zone A of Weissel & Hayes, 
1971), 3.8-4.0 cm yr-' west of the Discordance (zone C) and about 3.7 cm yr-' between 
90"E and 96"E. The spreading rates for the period from 4-7 Ma appear to have been slightly 
higher, about 4.0-4.2 cmyr-' throughout the region (Fig. 13). The ridge section from 
105"E-114"E, west of the Discordance, varies from the other sections considered by the 
fact that the ridge crest is consistently characterized by a rift valley rather than an axial 
high. The ridge crest morphology is generally considered to be thermally controlled, with 
spreading rate usually the determining factor. However, spreading rates do not vary 
significantly along the Southeast Indian Ridge and this section actually has slightly higher 
rates than the other two sections (Fig. 13). Thus, the presence of a small rift valley at the 
ridge crest suggests a slightly cooler thermal regime at the ridge crest. The ridge crest 
morphology on both the east and west of the Discordance does not change as the 
Discordance is approached. 
Although the individual profile segments in the region from 9OoE-96"E (Fig. 12a) show 
a wide range of best fitting subsidence constants, they form a well defined envelope 200- 
300 m wide. The average bathymetry profile for the 90°E-96"E region is smooth, 
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Figure 12. (a) Bathymetry and total intensity magnetic anomaly profiles across the Southeast Indian 
Ridge from 90"E t o  96"E plotted as a function of crustal age. Best fitting values of subsidence parameter 
C, in m Myr-'/* are given for each profile segment. Dash to  left of profile indicates 4000 m depth. 
Antarctic plate to  left, Indian plate t o  right. Profile location given in Fig. 11. (b) Bathymetry and total 
intensity magnetic anomaly profiles across the Southeast Indian Ridge from 105"E to  114°F plotted as 
function of crustal age. Best fitting values of subsidence parameter C ,  in m Myr-'/l are given for each 
profile segment. Dash to left of profile indicates 4000 m depth. Antarctic plate t o  left, Indian plate to 
right. Profile location given in Vig. 11. (c) Bathymetry and total intensity magnetic anomaly profiles 
across the Southeast Indian Ridge from 128"f  to  138"E plotted as  function of  crustal age. Best fitting 
values of subsidence parameter C, in m Myr-'/' are given for each profile segment. Dash to left of profile 
indicates 4000 rn depth. Antarctic plate to left, Indian plate to  right. Profile location given in Fig. 11. 
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SOUTHEAST INDIAN RIDGE (128"-138"E) 
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Figure 12 - continued 
symmetric and closely follows a square root of age subsidence curve. The best fitting value 
of the subsidence constant, C1, from the ridge crest t o  6 Myr is 363 i 17 m Myr-''' on the 
north flank and 345 f 12 m Myr-'/* on the south flank. On the north flank, there is 
sufficient data to  determine a value of C1 out t o  8 Myr of 380 * 13 m Myr-'12. Thus, this 
section of ridge crest, like the Pacific-Antarctic Ridge, appears to be subsiding symmetri- 
cally along a square root of age curve with a subsidence constant close to the oceanic average 
determined by Parsons & Sclater (1977). 
The section of midacean ridge south of Australia is dominated by the Australian- 
Antarctic Discordance, an extremely deep region of chaotic bathymetry (Weissel & Hayes 
1972). The ridge crest depth decreases systematically toward the Discordance over a distance 
of 1000 km reaching depths of about 3700 m, more than 1 km below normal ridge crest 
depth. The large gradient along the ridge combined with the irregular data distribution (Fig. 
12b, c) make the interpretation of the subsidence data near the Discordance through 
ensemble-averaging impractical since the shape of the average bathymetry profiles depends 
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Figure 13. Best fitting half-spreading rates determined from magnetic anomaly profiles across the  South- 
east Indian Ridge from 90"E to 138"E. Predicted total spreading rates are calculated from Weissel er al. 
(1977) pole. Location of profiles isgiven in Fig. 11. 
as much on the distribution of data along the ridge as on subsidence rates away from the 
ridge. 
The profiles were averaged over 2"-3" lengths of ridge to produce regional bathymetric 
profiles (Fig. 14) for which there is not as great a variation along ridge and for which the 
data distribution is adequate to assure that the averaged curves are representative. The three 
southern flank profiles east of the Discordance all show similar subsidence rates in the range 
of 340-380 m Myr-'12 although they vary in their ridge crest intercept from 2672 m for the 
eastern profiles (134-137"E) to 3032 m for the western profiles (128-130'E) near the 
Discordance. 
The easternmost two regional profiles from the northern flank east of the Discordance are 
also quite similar, but with significantly higher values of C1 (462 k 8 and 444 f 11 m 
Myr-"') than on the southern flank. The western profile (128"E-13OoE) has a lower value 
of C, , 379 _+ 44 m Myr-'j2, similar to that characterizing the south flank. However, this is 
partially due to the very low subsidence rates on the ELT35 profile at  128"E which is close 
to the Discordance. The V33 profile at 129"E has an average subsidence rate of 414m 
Myr-'/' when the two sections between 3 Myr and 10 Myr are combined into one profde. 
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Figure 14. Regional bathymetric profiles across the Southeast Indian Ridge obtained by stacking profiles 
in given longitude bonds. Dashes to left of profiles indicate 4000 m depth. Antarctic plate to left, Indian 
plate to right. 
Thus, an argument can be made that the section of the Southeast Indian Ridge east of the 
Discordance is subsiding asymmetrically with the southern (Antarctic) flank subsiding at 
rates close to the value of 350 m Myr-'12 determined by Parsons & Sclater (1977) and the 
northern flank at much higher values. This is consistent with Weissel & Hayes' (1974) 
observation that in this region depths on the south flank are shallower by at least lOOm than 
those of crust of comparable age in the north flank. It must be emphasized, though, that the 
data from the southern flank are quite scattered. It is clear, however, that the northern flank 
is subsiding at a consistently high rate of about 450 m Myr-'/2 independent of the very large 
along-ridge variations in ridge crest depth. The consistently high subsidence rates extend 
16 
442 J. R. Cochran 
from within 100 km of the Discordance to the set of large fracture zones south of Tasmania 
which offset the ridge 12" t o  the south and mark the boundary between the Southeast 
Indian and Pacific-Antarctic ridges. 
The area from 105"E to 114"E west of the Discordance is characterized by rough bathy- 
metry and apparently by numerous fracture zones or pseudofaults, so the distribution of 
age-depth data is quite scattered (Fig. 12b). The northern flank profiles show an along-ridge 
regional topographic gradient down toward the Discordance, as found east of the 
Discordance. Such a gradient is not apparent on the southern flank profiles although there are 
no data near the ridge crest from the eastern part of the region. The best fitting subsidence 
constant for the southern flank average profile is 337 * 24  m Myr-'/' with a ridge crest 
intercept of 2708 m. Neither the slope nor the intercept change significantly if the profiles 
are broken into two groups (Fig. 14). The eastern profiles on the northern flank have a 
similar subsidence constant, 356 ? 20 m Myr-'/2, to those on the southern flank. The 
western profiles show a much slower subsidence rate of 201 * 48 m Myr-'/' although that 
determination must be considered suspect since the profiles are all far from the ridge crest 
and much of the data is from 9-12 Myr old crust where the match to the magnetic 
anomalies is less satisfactory (Fig. 12b). 
Thus, within the limitations of the data set, the region west of the Discordance appears to 
be subsiding symmetrically with a subsidence constant of 340-350 m Myr-'/'. 
4 Discussion 
The main area of anomalous subsidence along the portion of mid-ocean ridge crest 
investigated is the East Pacific Rise between the Wilkes fracture zone and the Easter Platelet 
(about 9"s to 22"s). This region is unusual both for the extremely low subsidence rates of 
the western (Pacific) flank and for the pronounced asymmetry across the ridge crest. The 
western flank of the East Pacific Rise is subsiding with a subsidence constant, C1, of about 
200-225 m Myr-'12 while the eastern flank is subsiding at  more 'normal' rates of 350-390 
m Myr-'/'. The asymmetric subsidence appears to begin at the ridge crest and is apparent for 
crust only 1 Myr in age (Table 3) implying that it is the result of a process which extends to 
the ridge crest and not the result of overprinting or disturbance away from the ridge. 
The asymmetry apparently develops abruptly across the Wilkes fracture zone, which is 
the southernmost of four fracture zones that offset the East Pacific Rise by 650 km between 
4's and 9"s (Rea 1981). About 200 km of this offset occurs at the Wilkes fracture zone. 
The anomalously subsiding region extends from 9"s  to at least 21'15's. The complex 
nature of the bathymetry and magnetics from 22"s to 28"s in the region of the Easter 
Platelet and Easter Island hotspot (Hanschumacher et al. 198 1) precludes determination of 
subsidence rates near the ridge crest in that region. Four crossings of the East Pacific Rise 
are available between 30.5"s and 31.3"s (31"s survey area of Rea 1977, 1981) on which the 
ridge crest bathymetry is relatively simple and the magnetic anomalies are easily identifiable 
(Fig. 15). The spreading rates determined for each profile varied from 7.45 to 7.90 cm yr-' 
for the western flank and 8.37 to 8.60 cm yr-' for the eastern flank in good agreement with 
values of 7.7 cm yr-' and 8.6 cm yr-' determined by Rea (1977). The ridge is subsiding 
symmetrically with a subsidence constant of 296 +- 37 m Myr-'/' determined for the west 
flank and 284 +_ 43 m Myr-'1' for the east flank of the average profile. The fits for the 
individual profiles were also consistently close to those values. The anomalous region does 
not, therefore, extend south of the Easter Platelet. 
The anomalously subsiding section of the East Pacific Rise is characterized by nearly 
constant ridge crest depths in the range of 2650-2750 m from 9's to 20"s (table 3,  Rea 
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Figure 15. Bathymetry and total intensity magnetic anomaly profiles across the East Pacific Rise from 
30"s to 32"s between Easter Island and the Chile Rise triple junction. Profiles are plotted against crustal 
age as determined from the magnetic anomalies. Brackets indicate anomalous bathymetry removed before 
profiles were stacked to produce average bathymetry profile. Location of profiles is given in Fig. 1. 
1981). South of 2OoS, the ridge crest depths do decrease toward the Easter Plate. The 
boundaries of the region are characterized by distinct steps in ridge crest depth (Lonsdale 
1977, 1983; Rea 1981). The region between the Quebrada-Gofar fracture zone system and 
the Siqueiros fracture zone at 9"N has an extremely deep ridge crest with axial depths 
consistently deeper than 2850m south of the Galapagos triple junction. The ridge crest 
depths in the 31"s area between the Easter plate and the Chile triple junction are in the 
range of 2300-2350 m which is significantly shallower than in the anomalous region. 
Thus, the anomalously subsiding region occupies a relatively homogeneous straight 
stretch of ridge crest almost 1500 km long broken only by the Wilkes fracture zone with an 
offset of 130 km. The region is bounded on the north by a set of fracture zones which 
disptace the ridge axis by 650 km and to the south by the Easter Platelet and Easter Island 
hotspot. A similar pattern of a consistent subsidence pattern between major structural 
boundaries is found on the Southeast Indian Ridge where consistent high northern flank 
subsidence rates and possible asymmetry extend east from the Discordance at 128"E to a 
set of large fracture zones with total offset of over 1500 km near 139"E south of Tasmania. 
There is also an indication in both regions that the characteristic behaviour for the region 
may be tempered somewhat near the boundary. 
Similarly, a consistent subsidence pattern is found for 1900 km from the Eltanin fracture 
zone system at 55's to at  least 38"s which is as close to  the Chile Rise triple junction at 
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Figure 16. Bathymetry and total intensity magnetic anomaly profiles across the Pacific-Antarctic Ridge 
near 59"S, south of the Eltanin fracture zone system. Profiles are plotted against crustal age as determined 
from the magnetic anomalies. Brackets indicate anomalous bathymetry removed before profiles were 
stacked to produce average bathymetry profile. Average bathymetry curves for the region north of the 
Eltanin fracture zone are shown for comparison. 
35"s as data is available, with an entirely different pattern found at 3 1"s north of the triple 
junction. 
Andrews, Haxby & Buck (1985) report that the slope of the geoid anomaly associated 
with the mid-ocean ridge changes by a factor of 2 across the Eltanin fracture zone. It would 
thus be of interest to determine whether there is a change in the subsidence rates across the 
Eltanin fracture zone system. The region southwest of the Eltanin fracture zone is among 
the most remote and least surveyed areas of the world's oceans, and there is insufficient 
data to determine the subsidence pattern along that ridge segment. However, three USS 
Eltanin profdes allow determination of the subsidence pattern on the Antarctic plate near 
59's (Fig. 16). The spreading rates determined from the magnetic anomalies are between 
3.79 and 3.83 cm yr-' for the three profiles compared to  about 3.5 cm yr-' predicted by the 
Minster & Jordan (1978) pole for symmetric spreading. The subsidence rate determined 
from the ensemble averaged bathymetric profile is 326 f 16 m Myr-'''. The subsidence 
parameter determined from the individual profiles range from 307 to 333 m Myr-'". The 
differences in subsidence rates at 59"s and north of the Eltanin fracture zone do appear to be 
significant (Fig. 16). However, it must be cautioned that these profiles sample only about 
100 km of more than 2000 km of ridge crest between the Eltanin fracture zone and the 
Ballany triple junction and there is thus no assurance that their subsidence is characteristic 
of the entire ridge segment. 
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Figure 17. Bathymetry and total intensity magnetic anomaly profiles from the western flank of the East 
Pacific Rise. Profiles are plotted against crustal age as determined from the magnetic anomalies. Brackets 
indicate anomalous bathymetry removed before profiles were stacked to produce average bathymetry 
profile. Dashed line through average bathymetry shows best fitting square root of age subsidence carve 
which has a subsidence parameter, C,, of 231 m M y ~ - l / ~ .  Location of profiles is given in Fig. 1. 
There is a paucity of data on the western flank of the East Pacific Rise between 5"s and 
2.5"s which can be used to systematically examine the westward extent of the anomalously 
subsiding region. There are a set of profiles between 18"s and 21"s which can be used to 
extend examination of the subsidence in that region out to 12 Myr (Fig. 17). It proved 
impossible to extend this study further to the west because of rough bathymetry and 
complexities in the magnetic anomaly pattern resulting from the Miocene reorganization of 
the spreading centre (Herron 1972 ; Handschumacher 1976). The spreading rates determined 
from the magnetic anomalies were very consistent between profiles with rates in the range 
of 9.46 to 10.33 cm yr-' from 5 to 7 Myr and 7.29 to 7.96 cmyr-' for 7 to 12 Myr. A 
world wide increase in spreading rates during the late Miocene has been noted by Vogt & 
Brozena (1985) who state that it appears to be a real phenomena and not the result of 
errors in the geomagnetic reversal time scale. The effects of possible errors in the time scale 
were investigated by fitting subsidence curves to both the average bathymetry shown in Fig. 
17 and also an average bathymetry profiie determined by not breaking the profiles at 7 Myr 
and using the resulting average spreading rate of about 8 cm yr-'. 
The subsidence rate which best fits the average bathymetry curve in Fig. 17 is231 f 25 
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the resulting values are 206 k 19 m Myr-'/' and 2989 m. These values for C1 are very similar 
to those determined near the ridge crest (Tables 2 and 3) and imply that the anomalous 
subsidence continues to at least 12 Myr. 
Cande (1986) has recently identified a magnetic anomaly sequence from Anomaly 7 to 
Anomaly 18 ( 2 4 4 2  Ma) in the Tiki Basin between 10"s and 20's immediately to the east 
of the Tuamoto Archipelego and to the west of the disturbed bathymetry and magnetics 
resulting from the ridge reorganization. Magnetic anomaly profiles from this region and the 
corresponding bathymetric profiles are shown in Fig. 18. The magnetic anomalies are very 
well developed and yield spreading rates of about 6.2 cm yr-'. 
The magnetic anomalies shown in Fig. 18 were used to convert the bathymetry to profiles 
against time rather than distance (Fig. 19). The bathymetry profdes form a well defined 
envelope and the average bathymetry profile can be well fit by a square root of age 
subsidence curve, particularly from 24 to  34 Myr. The best fitting subsidence parameter, C1, 
for the interval from 24 to 34 Myr is 389 k 27 m Myr-'/* with a ridge intercept of 2002 m. 
This theoretical curve is shown in Fig. 19. If the rougher region between 34 and 40 Myr is 
included, C1 is 327 f 19 m Myr-'/'. In either case, the subsidence rate is similar to the 
'normal' rate of about 350 m Myrfl/' and is significantly greater than values of the order of 
220 m Myr-'/' that characterize the anomalous region. 
The anomalous ridge flank subsidence thus appears to extend through the entire region 
younger than the middle Miocene ridge reorientation. Older crust, west of the disturbed 
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Figure 19. Stacked bathymetry and magnetic anomaly profiles and average bathymetry profile from the 
Tiki Basin plotted against crustal age. Theoretical curves through average profile show subsidence curves 
typical of the anomalous region of the East Pacific Rise, the best fitting subsidence curve for the Tiki 
Basin and the world wide average subsidence curve (Parsons & Sclater 1977). 
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Figure 20. Stacked bathymetry and magnetic anomaly profiles from the Peru Basin between the Mendana 
fracture zone and Nazca Ridge plotted against crustal age. This is the conjugate location on the Nazca 
plate to the Tiki Basin profiles in Figs 1 8  and 19. Heavy line through bathymetry profiles is a model 
subsidence curve for ridge crest depth 2500 m and subsidence parameter, C, , of 350 m Myr-'/'. 
region is subsiding at a rate appropriate for its age, but is 500 m shallower than the Parsons 
& Sclater (1977) standard subsidence cuwe. This is near the upper limit of depth anomalies 
found in areas not affected by 'hot spot' off-ridge volcanism (Cochran & Talwani 1977). 
Thus, the Tiki Basin crust could have been created at a shallower ridge crest and have 
subsided at its present rate since its creation. However, the seafloor on the Nazca Plate at the 
conjugate location to the Tiki Basin, about 85"W and 15"-20"S between the Mendana 
Fracture Zone and the Nazca Ridge, shows no significant depth anomaly and is at or slightly 
deeper than the depths predicted for it by the Parsons & Sclater (1977) relationship (Fig. 
20). Thus, it appears that the Tiki Basin crust has either been elevated since its formation or 
initially subsided at a rate less than its present rate. 
Haxby & Weissel (1986) have described a pattern of hea ted  low amplitude gravity 
anomaly undulations west of the East Pacific Rise in the anomalously subsiding region which 
they recognized in the Seasat altimeter derived gravity anomalies and residual sea surface 
heights. These lineations, which have wavelengths of 150-500 km, have trends parallel to  
the absolute plate motion and extend WNW from late Pliocene or Miocene aged crust. Haxby 
& Weissel (1986) attribute these features to small scale convection in the upper mantle. 
Since convection will change the temperature structure in the mantle, it  is possible that the 
anomalous subsidence on the western flank is also a result of the small-scale convection. 
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However, this is probably not the case, at least directly, for two reasons. First, Haxby & 
Weissel (1986) also observe similar lineated gravity anomalies and sea surface height 
variations between 44"s and 54"s on the section of the Pacific-Antarctic Ridge 
characterized by symmetric subsidence and relatively high subsidence rates (Fig. 10). Also 
the Seasat lineations extend to Cretaceous aged crust through a region in which the seafloor, 
although elevated, is subsiding at  'normal' rates. 
5 Models 
Taken at face value, the asymmetry across the ridge crest would suggest that the ridge crest 
separates regions of different thermal properties. It would also imply that there is a marked 
discontinuity immediately under the ridge crest since, if the age against depth relationship is 
used to estimate the mantle temperature in the immediate vicinity of the ridge crest, a 
different answer would be obtained depending on from which flank data were taken. 
However, a difference in subsidence rates on either side of the ridge can be produced if the 
ridge crest is located over a region in which there is a pronounced lateral gradient in the 
asthenospheric temperature. The lithosphere would then encounter progressively warmer 
lithosphere on one side of the ridge and progressively cooler lithosphere on the other side. 
This will have at least two effects on the subsidence rates. There will be an isostatic effect 
due to the fact that the lithosphere is moving over an asthenosphere in which there are 
lateral variations in density, and also a thermal effect due to the fact that the lithosphere will 
be heated (or cooled) by the hotter (or cooler) asthenosphere. 
The thermal expansion of the lithosphere may be investigated in a simple manner by 
considering the behaviour of a half-space with a time varying boundary condition. This will 
approximate a lithospheric slab moving over an asthenosphere in which there is a spatially 
varying temperature for times short enough that heating through the bottom of the plate 
and cooling through the top can be treated independently. 
Let V =  V(x, y ,  z ,  t )  be the temperature at (x, y ,  z )  at time t in a semi-infinite solid where 
V has to satisfy 
av a2v 
at at2 
-- - K -  (7) 
and the solid is initially at a constant temperature, taken to be zero. Following Carslaw & 
Jaeger (1959, p. 63), when the boundary z = 0 is kept at @(t) = kt ,  where k is a constant, the 
temperature within the solid is given by 
Z Z 
exp (- z 2  / 4 ~ t )  
or using the notation of Carslaw & Jaeger (1959), 
V = 4kt I' erfc (&), 
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with 
I' erfc x = erfc x .  
The elevation anomaly is given by 
e l = a e f f  J Vdz 
where a,ff, is the effective coefficient of thermal expansion. Using equation (10) with 
,$ = z/2 fi, we obtain 
0 
el = 8kt3'2 & a e f f z 3  erfc(o). 
el = 0.7523 kt3I2 \/;;aeff. 
(1 1) 
Z3 erfc(x) is a tabulated function (Carslaw & Jaeger 1959, p. 485), so 
(12) 
Therefore, a slab moving over an asthenosphere in which there is a linear temperature 
gradient will acquire an elevation anomaly which is proportional to t3/' as a result of thermal 
expansion (or contraction) of the lithosphere. However, for the short times under 
consideration here (of the order of 10 Myr), this effect is relatively modest. For a lateral 
temperature gradient of 0.l"C km-' and a spreading rate of 8 cm yr-', the elevation anomaly 
produced in 10 Myr is only 3 1 m. 
The isostatic effect can be investigated by simply balancing mass columns and is much 
more significant than thermal expansion of the lithosphere. Fig. 21 shows the magnitude of 
this effect for different lateral temperature gradients and depths of compensation. The 
curves in Fig. 21 were calculated by comparing the water depths calculated for a cooling and 
thickening lithosphere underlain by an isothermal asthenosphere with the water depths 
obtained when the same lithosphere is underlain by an asthenosphere with a linear lateral 
temperature gradient. The lithosphere was assumed to have a constant average density of 
(1 - aT0/2)  pm and to thicken as a cooling half-space (Davis & Lister 1974) with parameter 
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Figure 21. Anomalous elevation resulting from the isostatic effects of a lateral temperature gradient in 
the asthenosphere. Calculations were done assuming a ridge crest temperature of 1350" and a spreading 
rate of 8 cm y1-I. The amplitude of the effect depends on (a) the lateral temperature gradient and (b) 
the assumed depth of compensation. 
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values given by Table 1. Since the lithospheric thickness enters into the calculation, 
expression of the horizontal scale in spatial coordinates is for a particular spreading rate, 
which in this case is 8 cm yr-'. If a depth of compensation of 150 km is assumed, then the 
observed subsidence rates on the western flank of the East Pacific Rise could be explained, 
considering only this effect, by a lateral temperature gradient of 0.1"C km-', which amounts 
to a temperature difference of slightly under 100" between the ridge crest and the twelve 
Myr old crust out to which the anomalous subsidence could be traced. The thermal 
expansion effect discussed above must be added to the isostatic effect and will slightly 
reduce the necessary temperature gradient. 
Thus, a linear lateral temperature gradient with asthenospheric temperatures increasing 
to the west can produce the region of shallow, slowly subsiding crust found on the western 
flank of the East Pacific Rise. However, if the temperature gradient extends across the ridge 
crest, it should produce a region of deeper more rapidly subsiding crust on the eastern flank. 
A ridge spreading at 8 cm yr-I with the temperature under the ridge crest set at 1350" 
(implying a value of 355 m Myr-'12 for C , ) ,  and with a lateral temperature gradient of 
0.1"C km-' in the asthenosphere and compensation depth of 150 km will subside with an 
apparent C1 of 233 m Myr-'12 on the warmer side and 465 m Myr-'12 on the cooler side. 
The subsidence pattern observed on the East Pacific Rise can be reproduced by a ridge for 
which the ridge crest thermal parameters define a subsidence rate of 300 m Myr-'12 on 
which the anomalous elevation resulting from a temperature gradient of 0.06"C km-' is 
superimposed. This will result in apparent values for C1 of 230 m Myr-'12 on the warmer 
side and 370 m Myr-'I2 on the cooler side. A gradient of 0.06"C km-' extending from 5 Myr 
to the east of the ridge crest to 12 Myr on the western side represents a total temperature 
variation of about 82°C over a distance of 1360 km. 
6 Conclusions 
Well defined regional patterns of subsidence appear to exist along sections of the inter- 
mediate- to fast-spreading ridges of the Indian and Pacific Oceans, although these patterns 
vary from segment to segment. Along a particular length of ridge, there may be variations in 
the subsidence parameters deduced for individual profiles, particularly for short profiles and 
for those at some distance from the ridge crest. However, the profiles usually fall within a 
well defined envelope whose width is about the amplitude of the local topographic relief. 
Segments of ridge crest along which a well defined subsidence pattern and relatively constant 
ridge crest depth are found appear to be bounded by major structural features, such as 
fracture zones, across which ridge crest depth and subsidence rates may change abruptly. 
Within a given segment, the subsidence away from the ridge crest very closely follows a 
square root of age relationship. The best fitting values for the subsidence parameter, C1, are 
generally in the range of 340-390 m Myr-'12. 
An area characterized by a consistent pattern of subsidence rates is usually also 
characterized by relatively constant ridge crest depths. Since both parameters are generally 
considered to be thermally controlled, it appears that well defined segments of ridge crests 
are characterized by relatively homogeneous thermal conditions. 
An exception to  this pattern is found on the Southeast Indian Ridge where, on either 
side of the Australian-Antarctic Discordance, constant subsidence rates perpendicular to the 
ridge are superimposed on large systematic variations in crestal depth along the ridge. Thus, 
two parameters, ridge crest elevation and subsidence rate, which are generally supposed to 
reflect the thermal state of the mantle beneath the ridge crest give different conclusions. The 
observation that the ridge crest morphology remains constant as the Discordance is 
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approached and in particular that a ridge crest high is found throughout the area to the east 
of the Discordance suggests that any temperature anomaly associated with the Discordance 
is primanly centred under the Discordance itself and the regional depth anomaly extending 
out 1000 km has a different origin, perhaps related to chemical effects of the process 
creating the Discordance. A similar situation can be found in the Gulf of Aden where the 
ridge crest depths increase steadily over a distance of 1500 km from sea-level at Afar to 
about 2500 m near the Owen fracture zone. Cochran (1982) found that bathymetric profiles 
at 46"E near Afar and at 57"E near the Owen fracture zone both gave subsidence rates of 
about 350 m Myr-'/2 although varying by more than 1000 m in ridge crest depth. 
The major anomalous region encountered in this study is the East Pacific Rise between 
9"s and 22"s where crust on the western flank of the ridge is subsiding at 200-225 
m Myr-'I2 while crust on the eastern flank is subsiding at  350-390 m Myr-'I2. The slowly 
subsiding region on the western flank extends from the ridge crest out to at  least 12 Myr old 
crust at 18"S, where data is available. Older, 24-40 Myr old crust is subsiding at  more 
'normal' rates, but is 500 m shallower than both the Sclater & Francheteau (1970) world- 
wide curve and the conjugate crust on the eastern flank. 
The asymmetric subsidence begins immediately at  the ridge crest implying that it is not 
the result of disturbance of the subsidence by an off-ridge heat source. The observed 
subsidence pattern can be explained by a model in which the ridge crest is located above a 
region in which there is a lateral asthenospheric temperature gradient. The magnitude of the 
gradient necessary to produce the observed asymmetric subsidence depends on what depth 
of compensation is assumed, since it is largely an isostatic effect. However, it  is likely in the 
range of 0.05 to 0.10"C kn-' resulting in a total temperature variation of the order of 
100°C. It is possible that this temperature variation is related to large scale return flow of 
material toward the ridge crest. 
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